Abstract
Introduction

44
Through experience, we develop a rich repertoire of movements tailored for different 45 environments and situations. This ability requires the capacity to learn new motor patterns and 46 form memories of them that can be quickly called upon when re-experiencing the same situation.
47
Many studies have shown that movement patterns acquired via error-based learning or 48 "adaptation" are remembered and retained over time (Martin et upon what has been learned previously with repeated therapy sessions. However, the underlying 60 mechanisms for savings remain controversial. Studies using multi-state linear time-invariant 61 models explain savings after a brief unlearning session as an interaction between fast and slow 62 learning processes, with the slower process posited to be the basis of savings (Smith et al., 2006) .
63
Yet, these models cannot explain savings observed after prolonged washout (Zarahn et al., Hopkins Medicine Institutional Review Board prior to participating. They were free of any 89 neurological, musculoskeletal, or cardiovascular conditions. Leg dominance was determined by 90 asking the participants which leg they would use to kick a soccer ball. interfere with walking. Participants also wore a safety harness that did not provide body weight 99 support. They were informed as to when the treadmill was about to start or stop; however, they 100 were told neither the speed of the belts nor whether changes would occur to the belt speeds 101 during the experiment. The treadmill was stopped briefly (less than five minutes) between 102 testing sessions (e.g., Baseline, Adaptation 1, Deadaptation, etc).
103
Experiment 1
104
During Experiment 1, the participants were allowed to hold onto a horizontal handrail in 105 front of them as the belts began moving, though they were asked to release the rail and cross 106 their arms as soon as possible (this occurred within the first few seconds after the treadmill was 107 started). While walking, the participants watched a television placed directly in front of them to 108 discourage them from looking downward at the treadmill belts. Adaptation 2). We controlled for the number of abrupt contextual switches by devising a
136
Gradual Washout protocol (n=14; Figure 1C ). The participants in the Gradual Washout group 137 experienced the same Baseline, Adaptation 1, and Adaptation 2 sessions as the Abrupt group; the 138 only difference between the two groups was that De-adaptation was gradual (i.e., mirroring 139 Adaptation 1 in the Gradual group).
140
We also tested the possibility that the difference in savings between the Abrupt and
141
Gradual groups was due to the differing amounts of time that each group experienced the full 142 perturbation during Adaptation 1. The Abrupt group experienced the full 2:1 split for ten 143 minutes while Gradual group experienced the full 2:1 split for only the final 30 seconds. We 144 studied an Extended Gradual group to control for this discrepancy (n=14; Figure 1D ). The 145 participants in Extended Gradual group adapted gradually over 9 minutes and were then held at 146 the full 2:1 perturbation for an additional 10 minutes.
147
Finally, we designed another group to investigate whether savings in the Abrupt group 148 required the full 10 minutes or if simply previously experiencing the abrupt environment was 149 enough. The Short Abrupt group (n=14; Figure 1E ) experienced the same Baseline,
150
Deadaptation, and Adaptation 2 sessions as the Abrupt group; the only difference between the 151 two groups was that we truncated Adaptation 1 from ten minutes to two minutes, allowing 
Experiment 2
155
The goal of Experiment 2 was to examine how well participants could explicitly recall 156 the environment experienced during adaptation, as explicit recall could be important for 157 perceiving whether the current environment is similar to a previously experienced environment 158 during relearning. We tested whether people could use a handheld button box to reproduce the 159 adaptation belt speeds after washout. We also tested how the explicit recall of the environment 160 was influenced by the learning environment, and whether the participants recalled information 161 about the environment or the resulting gait pattern.
162
Similar to Experiment 1, participants were randomly assigned to one of two groups:
163 Abrupt (n=12) or Gradual (n=12). They were allowed to hold onto the horizontal handrail in 164 front of them throughout the duration of testing and used a button box to change the right belt 165 speed during the Recall Tasks. First, we asked how well they could recall normal, tied-belt Gradual group were asked to make the treadmill move as it did during "the end of Session 3" to 186 ensure that all participants would attempt to recall how the treadmill was moving when they 187 experienced the full perturbation.
188
We tested three additional groups (all group protocols shown in Figures 2B-2F ). The 
Data analysis
211
Experiment 1
212
During Experiment 1, we calculated one primary measure and two secondary measures.
213
Our primary measure is step length asymmetry, which has previously been shown to adapt 214 robustly to split-belt walking perturbations (Reisman et al., 2005) . It is the difference between 215 the lengths of the "fast" and "slow" steps normalized by the sum of the two step lengths:
216
Step length asymmetry = ( ) ( )
217
"Fast" and "slow" refer to the non-dominant and dominant limbs, respectively.
Step 218 length is defined as the distance between the ankle markers along the walking axis at heel-strike 219 of each leg.
Step length is a spatiotemporal parameter during treadmill walking (i.e., it relies not only 221 upon where the feet land, but also when they land). We calculated two secondary measures -
222
center of oscillation and phasing -to identify the spatial and temporal characteristics of stepping, (initial perturbation), accelerated adaptation (early change), and success of adaptation (plateau).
242
It is important to remember that, in this walking task, we assess step length asymmetry by calculating the difference between two consecutive steps. Therefore, unlike reaching, the first 244 stride (i.e., two steps) in Adaptation 2 must not necessarily overlay that of Adaptation 1. This is 245 because online corrections can be made from the first step to the second to immediately reduce 246 asymmetry. For each measure, we also calculated the mean of all strides collected during
247
Baseline.
248
Experiment 2
249
During Experiment 2, we assessed the final right belt speed that the participants selected De-adaptation, Adaptation 2) using separate one-way ANOVAs. Note that we were not able to
263
compare Adaptation 1 to Adaptation 2 within each group since some participants received 12 gradual perturbations in Adaptation 1 (thus savings could not be assessed using that comparison).
265
The α level for the ANOVAs was set at p = 0.05. 
300
We then checked to see if there were differences in Adaptation 2 across the groups, since 301 this is the session of most interest. We observed significant differences in savings among groups Figure 4A ; all p > 0.05).
335
We next addressed the possibility that the differences in savings we observed between the 
355
We then addressed the possibility that the differences in savings we observed between the
356
Abrupt and Gradual groups were influenced by the amount of time each group experienced the 357 full perturbation (i.e., the Abrupt group experienced the full 2:1 ratio for ten minutes during 
369
During Adaptation 2, the Extended Gradual group showed intermediate savings.
Step 370 length asymmetry in the Extended Gradual group was similar to the Gradual group during initial 371 perturbation ( Figure 4D ; p = 0.332) but smaller during early change ( Figure 4D ; p = 0.03 As many of our findings indicated differences among groups in initial perturbation during
411
Adaptation 2, we wondered whether factors beyond group assignment contributed to these dependent upon multiple interactive yet distinct processes: the ability to perceive that a given 490 environment has been experienced previously and repetition of the new gait pattern.
491
We first showed that gradual learning without repetition does not result in savings of an 492 adapted gait pattern. As the Gradual and Abrupt groups learned the gait pattern similarly (i.e., 
512
We also demonstrated that savings during split-belt treadmill walking can be facilitated to an abrupt perturbation is driven by feedforward motor planning while adaptation to a gradual 530 perturbation is more reliant upon feedback control (Saijo and Gomi, 2010 should be noted that walking is more automatic when compared to upper extremity movements; 563 thus, the exact role of the prefrontal cortex in locomotor adaptation and learning has yet to be 564 elucidated.
565
We suspect that the basal ganglia could also contribute to savings of a learned gait designed and powered to focus on the performance of these groups during Adaptation 1 rather 584 than on savings (as in the current study) may be of interest.
585
In this study, we demonstrated that savings of a learned gait pattern is driven by 1) 586 previous exposure to similar abrupt changes in the environment, and 2) the amount of exposure 587 to the new environment. These two factors must co-occur for maximal savings, though savings 588 was present to a lesser degree when they occur independently of one another. We also showed 589 that persons acquire and store explicit information about walking environments and may use this 590 information to facilitate faster adaptation upon subsequent exposures to the same environment.
591
Our future work will attempt to ascertain specific neural mechanisms involved in savings during 592 split-belt treadmill walking. Ultimately, we aim to use this information to facilitate savings of 593 learned walking patterns in populations characterized by gait disorders. 
